Introduction
After the introduction of single-slice helical CT (SSCT) in clinical practice in 1989 [1] , the next major advance in CT technology was the development of multi-detector helical CT (MDCT) systems. In 1998, several manufacturers launched CT systems capable of acquiring four slices simultaneously, resulting in an improvement in scanner performance that could be used either to scan a larger region of interest (ROI) or to scan an ROI in a shorter time or with an improved spatial resolution compared with SSCT technology [2] [3] [4] [5] . These opportunities increased the clinical efficacy of CT procedures and offered promising new applications in diagnostic imaging [6, 7] , especially in vascular and cardiac imaging [8] [9] [10] . However, despite these promising advances, clinical challenges and limitations remained for four-row MDCT systems. In particular, the spatial resolution of four-row MDCT was limited (nonisotropic resolution) and the scan times for large volumes were sufficiently long that image quality could be impaired, especially for CT angiography applications [11] . The introduction of 16-row systems in 2002 removed these limitations and made possible the routine acquisition of substantial anatomic volumes with isotropic submillimetre spatial resolution and scan times of less than 10 s for 300 mm of coverage [12, 13] .
The flip side of the expanding use of MDCT systems in clinical practice has been a considerable increase in both the frequency of CT procedures and patient radiation exposure levels. Data from various national surveys have confirmed, as a general pattern, the growing impact of CT as a major source of patient and population exposure [14, 15] .
In the UK, the contribution from CT to the collective dose from medical X-rays has more than doubled in the last 10 years to about 47%, in spite of the fact that the total number of CTs performed represents only 9% of total diagnostic X-ray examinations [16, 17] . In Switzerland, a recent study showed that the introduction of four-row MDCT led to a two-fold increase in the contribution from CT to the collective dose from medical X-rays [18] .
The objective of this study is to compare, for three common examinations, the impact of changing from a 4-to a 16-row MDCT unit on image quality and patient dose. Furthermore, protocols used for cardiac examinations with 16-row MDCT units were collected to assess the dose levels associated with this examination.
Materials and methods

Study design
This study is in two parts. The first part is devoted to the assessment of changes in image noise behaviour at a given dose for the MDCT unit using 4-and 16-row detector systems. For each manufacturer, two scanners (one 4-and one 16-row system) were characterised using the method described later in this section. The second part of the study consists of two separate surveys: one organised in 2002 concerning the 4-row systems and involving ten centres (major hospitals throughout Switzerland) and a second one organised in 2004 and involving the same centres as well as one additional centre using 16-row systems.
Phantom study
The following 4-and 16-row MDCT units were included in the study: the 4-row systems: GE LightSpeed QX/i (GE Medical Systems, Milwaukee, Wis.), Marconi M×8000 (Philips Medical Systems, Best, The Netherlands), Toshiba Aquilion (Toshiba Medical Systems Europe, Zoetermeer, The Netherlands), and Siemens Volume Zoom (Siemens Medical Systems, Erlangen Germany); 16-row systems: GE LightSpeed Ultrafast 16, Phillips M×8000 IDT 16, Toshiba Aquilion 16 and Siemens Sensation 16.
Eight units (one 4-and one 16-row from each manufacturer) were selected to investigate the relationship between dose and image noise. All the units displayed the weighted CT dose index CTDI w (or CTDI vol ) and the dose length product (DLP) corresponding to a standard acquisition protocol. The CTDI w data were verified by measuring the n CTDI w using a 32-cm diameter CTDI test object and a 10-cm-long CT pencil ionization chamber connected to an electrometer (model 1035-10.3 CTDI chamber and a MDH model 1015 electrometer, Radcal, Monrovia, Calif.), calibrated in RQR9 and RQA9 beams according to IEC 61267 [19] and traceable to the Swiss Federal Office of Metrology.
Images of a commercially available CT test object Catphan 500 (The Phantom Laboratory, Cambridge, NY), using the additional annulus provided by the manufacturer to simulate the absorption of a standard abdomen (giving a total test object diameter of 30 cm), were acquired at 120 kV using a 360°gantry rotation time of 0.5 s in the helical mode with a pitch value as close as possible to 1.0 for each unit, and the smallest detector cells available (for example: 16×0.625 mm for the GE systems or 16×0.75 for the Siemens systems). All the acquisitions were performed five times successively setting the tube current value in such a way as to obtain a CTDI vol of 15.0±1.0 mGy. A 5.0-mm reconstructed slice thickness was then selected for all units using the reconstruction kernel provided by the manufacturer for an abdominal acquisition. Standard deviations (SD) of pixel values were measured in a homogeneous area of about 1,500 pixels in the centre of the field of view (FOV) on five images per unit. A mean value was calculated. The relative variation in standard deviation, ΔSD, between 4-and 16-row units from the same manufacturer was then calculated according to the following formula:
In order to avoid the comparison of SD values measured on images that differ too much in terms of spatial frequency noise content, noise power spectra were calculated and compared for the 4-and 16-row MDCT of each manufacturer. In each image a homogeneous area of 128×128 pixels was selected. This part of the image was divided into four image subsets of 64×64 pixels. A noise power spectrum was then calculated for each of these image subsets [20] . Since the goal of the paper was not the comparison of the performances of each individual unit but the evaluation of the evolution of the technology, intermanufacturer comparisons have not been made.
It is of note that image quality not only depends on image noise, but also on in-plane and longitudinal resolutions. Nevertheless, for each unit a comparable reconstruction field of view and a comparable reconstructed slice thickness were chosen. In such conditions, it appears that image noise is the most critical parameter to be investigated. Since image dose is controlled by the dose received by the detectors, it will strongly depend on the CTDI vol parameter.
Clinical survey
Ten hospitals (medium-size and university hospitals) that had switched from 4-to 16- The participants were also asked to record the CTDI vol and DLP indicated by the unit after having scanned a standard patient for each of these indications. The results of the survey (anonymously) were then sent to each participant for comments and corrections where justified. All participants gave their informed consent to the study.
Results
Dose and noise characterization
The results of the normalized CTDI w ( n CTDI w ) measured at 120 kV in the 32-cm CTDI test object are summarized in Table 1 . There is good agreement between the values provided by the manufacturer and the measured values, with differences of less than 10%. The normalized CTDI w indicated by the unit and assessed in the 16-cm CTDI test object were also verified and agreed with data available in the literature [21] . The comparison of the Wiener spectra for a given manufacturer for the 4-and 16-row units showed no significant difference. An example is shown in Table 2 . No major noise variation was observed for the Toshiba system, whereas noise was significantly reduced for the other systems, as shown as for example in Fig. 2 for the GE units. Thus, for a given CTDI vol , the use of more rows to acquire the data set not only not led to an increase in image noise, but actually led to an improvement for most of the systems.
The results of the surveys are summarised in Figs (including all acquisition sequences) are plotted as a function of the averaged (over the different acquisition sequences) CTDI vol (representative of the noise content in the reconstructed slices). A "+" or "−" sign has been added to the letter attributed to the centre to indicate whether the DLP has been increased or decreased when switching from a 4-to a 16-row system. In such graphs, if the scan lengths and number of sequences were similar for all protocols, then a linear relationship between the data would be expected since the DLP is the result of the multiplication of the CTDI vol by the scanned length. When one uses several acquisition sequences, using the same CTDI vol , the total DLP of the examination is shifted towards high DLP values since the scanned length has to be added in the calculation. The number of sequences used for each examination is given in Table 3 .
The data corresponding to the protocols used for the cerebral angiography for a suspected aneurysm are shown in Fig. 3 . The results show a large spread in CTDI vol and DLP values. CTDI vol values vary from 20 to 100 mGy and DLP varies from 800 to 5,120 mGy.cm, corresponding to an effective dose range of 1.8 to 11.8 mSv with a mean effective dose of 3.1 mSv (from Table 4 : average DLP of 2,544 mGy. cm; conversion coefficient of 0.023 mSv.mGy .cm −1 [22]). One centre (centre I) that does not perform neuro-radiological examinations did not send a protocol for this indication. It is of note that the two centres that did not use a reconstruction slice thickness of 1.5 mm or smaller, but a reconstruction slice thickness of 3.0 mm, did not choose particularly low CTDI vol values (centres E and F). As shown in Table 3 , only one centre used a single acquisition sequence, whereas the other centres used two to three acquisition sequences.
The results for chest examinations for nodule assessment are presented in Fig. 4 . The graph indicates relatively good coherency between the centres concerning the scan lengths and the number of sequences (Table 3 ). In contrast to Fig. 3 , where no dose reduction was observed between 4-and 16-row MDCT units, four centres have drastically reduced their dose levels after changing units (centres A, D, E and H), four centres have kept their dose levels comparable (centres B, F, I and K) and two centres have drastically increased their dose levels (centres C and G). In centre G, the decrease in CTDI vol that was observed was counteracted by the use of three acquisition sequences rather than the single sequence used with the 4-row unit. This led to a very high DLP value. The reconstructed slice thickness used by the centres varied from 2.0 to 5.0 mm without any significant impact on the CTDI vol used. CTDI vol values vary from 3.0 to 10.0 mGy, whereas DLP varies from 130 to 860 mGy.cm, corresponding to an effective dose range of 2.2 to 14.6 mSv with a mean effective dose of 5.7 mSv (Table 4 : average DLP of 337 mGy.cm; conversion coefficient of 0.017 mSv.mGy Figure 5 summarises the results for the protocols for abdominal examinations in the case of acute pain. In contrast to Fig. 4 , points on the graph are spread over a wide range of CTDI vol and DLP values without any noticeable alignment trend. When comparing 4-to 16-row MDCT protocols, significant dose reductions were observed for four centres (centres A, D, E and G), four centres have kept their dose levels comparable (centres B, C, I and K), and two centres have drastically increased their dose levels (centres F and H, which use three and four acquisition sequences, respectively). The reconstructed Fig. 2 Comparison of image noise content on images obtained on a GE 4-and 16-row MDCT (respectively, a and b) for a reconstructed slice thickness of 5 mm and a CTDI vol of 15 mGy showing that in the imaging conditions used, the noise level of the 16-row MDCT unit was significantly lower than the one produced with the 4-row MDCT unit .cm
[22]). Figure 7 presents the results for cardiac examinations. Three centres indicated that they did not perform cardiac examinations with their 16-row MDCT, and so only 8 centres are included in this part of the survey. As expected for calcium scoring, all but one centre (centre F) used a relatively low CTDI w value (2.4 to 18.0 mGy), giving a range of DLP from 30.0 to 270.0 mGy.cm and an effective dose range of 0.5 to 4.6 mSv with a mean value of 1.6 mSv (excluding centre F and using a conversion coefficient from DLP to an effective dose of 0.017 mSv.mGy proposed for exposures in the chest area [22] ). The range of doses for coronary CT angiography is relatively large, and again no direct link could be established between the CTDI vol used and the reconstructed slice thickness. For coronary CT angiography, the CTDI vol varies from 39.0 to 128.0 mGy (DLP range of 850.0 to 2,500.0 mGy.cm), giving an effective dose range of 14.5 to 42.5 mSv with a mean value of 25.8 mSv. During this survey, only three centres (centres A, I and K) indicated the use of ECG tube current modulation. These centres are marked in Fig. 7 with a star and are the centres that delivered low to moderate doses, x, y and z, respectively. The mean effective dose for coronary CT angiography with ECG dose modulation was 19.7 mSv.
Discussion
The averaged CT dose indicators collected in these two surveys show that there was a dose increase for cerebral aneurysm assessment when switching from the 4-to the 16-row MDCT units. Some centres drastically increased their CTDI vol as well as their DLP levels, whereas others did not modify their CTDI vol values, but drastically increased their DLP values by using more acquisition sequences. It is worth noting that the reference value proposed by the CEC for a standard brain acquisition should not be applied to this particular examination since the diagnostic task is different (vascular assessment). A new set of reference values proposed in the UK for acute stroke [17] has been included in Table 4 and indicates that a CTDI w of 100 mGy might be acceptable for investigations of certain parts of the brain. It also proposes a DLP of 930 mGy.cm that is 2.7 times lower than the average DLP value collected in this survey for the 16-row MDCT units. Thus, the protocols used for suspected aneurysm in our centres appear to be relatively different from those used in the case of acute stroke. One of the explanations for such a wide spread in doses was the variation in the number of acquisition sequences used by the different centres. It is clear that, in spite of a precise indication such as 'suspicion of cerebral aneurysm', the protocols collected in the survey were probably subject to different interpretations and performed with different objectives depending on the centre-including screening, diagnosis and pre-therapy assessment or follow-up studies. It is critical that this aspect be addressed before establishing the reference dose 
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Millimetre angio. level concept in the framework of patient dose optimisation. Thus, a consensual approach is needed to describe precisely the indications for which a protocol will be applied before introducing reference dose levels for such examinations.
The results for chest examinations show an up to threefold difference in the dose between centres. In this survey, only one centre used more than one sequence. The justification for more than one sequence was not clear and led to an effective dose of 15 mSv. The CTDI w value proposed in 1999 by the CEC (30 mGy) is very high in comparison to the values used in our centres (average value of 8.3 mGy) and also compared with the value now recommended in the UK [17] (13 mGy). Thus, introducing 16-row MDCT units did not, on average, lead to an increase in patient dose and led to CTDI vol and DLP values lower than the current recommendations.
There was a wide range of the doses and number of acquisition sequences used for the abdominal examination. Nevertheless, as for the chest examination, there was a slight reduction in the average CTDI vol used compared with the value used for the 4-row MDCT units (13 mGy for the 16-row compared with 15 mGy for the 4-row). This value is similar to the one proposed in the UK [17] and is significantly lower than the first CEC recommendations [22] . The spread in DLP values is mainly due to the difference in the number of acquisition sequences used. More than half of the centres used only one sequence, whereas the remaining centres performed two to four acquisition sequences. This might be because the indication 'abdominal acute pain' was too vague or was poorly understood [23, 24] . Here also, the setting of reference dose levels for such examinations requires more information on the indication to avoid the comparison of non-comparable acquisition protocols.
The results obtained for the diagnosis of an unstable shoulder with the 16-row MDCT indicate a wide range in practice, especially concerning the reconstructed slice thickness and CTDI vol used. Centre G is certainly not optimised since a 3.0 mm reconstructed slice thickness was obtained with the highest CTDI vol value, resulting in an effective dose of over 25 mSv. For this particular examination, one of the advantages of CT is the possibility to get thinner slices than MRI [24, 25] . Thus, the use of a reconstructed slice thickness greater than 2.0 mm is questionable. However, if slice thicknesses in the range of 2.0 to 3.0 mm are judged adequate by the centres, then the CTDI vol should be adapted, keeping in mind that, for a given CTDI vol , the greater the slice thickness, the lower the image noise level. Precise recommendations should be made in order to improve the present situation.
Finally, the results obtained for cardiac examinations indicate a lack of consensus concerning the CTDI vol to be used at the moment. This situation is particularly critical since some of the protocols used deliver relatively high doses to the patient. The use of tube current modulation allowed three centres to work within a CTDI vol of 70 mGy, a value that is already relatively high when dealing with an exposure of the trunk area of the body. Some other centres delivered similar CTDI vol values without the use of tube current modulation. Centres G and C use CTDI vol values that should be carefully monitored since they lead to a high effective dose to the patient. It is important to highlight the fact that values provided in this survey are higher than those reported in prospective studies for research purposes [26] . Probably the research protocols, due to the associated ethical considerations, lead to more efficient dose control and optimisation than the routine practice.
To conclude, we have shown that the evolution of technology when going from a 4-to a 16-row CT has not led to a major loss of efficiency among the manufacturers. This result can explain why for chest or abdominal examinations the introduction of the 16-row technology has not, on average, led to an increase in the patient dose. However, a consensual approach is needed to define the objectives of CT examinations and the number of acquisition sequences and signal-to-noise ratio that is clinically required [27] . A significant dose increase has been observed in cerebral vascular CT examinations with the 16-row technology. This might be because the image quality provided by 4-row systems was not sufficient to allow a proper diagnosis. However, the variation in CTDI vol and DLP that was observed should be restricted by a better definition of the acquisition protocol. Cerebral and cardiac angiography protocols should be carefully monitored, especially with 64-row systems, which open the possibility of new investigation procedures. If the introduction of AEC systems allows better control of patient exposure, it appears urgent to improve the way protocols are defined to take into account patient benefit and patient risk [28] . The use of reference dose levels is essential to avoid an unnecessary dose burden to the population [3, 4, 9] .
